Synaptic vesicle endocytosis (SVE) is triggered by calcineurin-mediated dephosphorylation of the dephosphin proteins. SVE is maintained by the subsequent rephosphorylation of the dephosphins by unidentified protein kinases. Here, we show that cyclindependent kinase 5 (Cdk5) phosphorylates dynamin I on Ser 774 and Ser 778 in vitro, which are identical to its endogenous phosphorylation sites in vivo. Cdk5 antagonists and expression of dominant-negative Cdk5 block phosphorylation of dynamin I, but not of amphiphysin or AP180, in nerve terminals and inhibit SVE. Thus Cdk5 has an essential role in SVE and is the first dephosphin kinase identified in nerve terminals.
SVE is required for maintaining the small pool of synaptic vesicles within nerve terminals after exocytosis and thus is important for sustaining synaptic transmission. It is activated by a calcineurin-mediated dephosphorylation event that is stimulated by depolarization-dependent calcium influx [1] [2] [3] [4] . Eight proteins, collectively called dephosphins, are dephosphorylated by calcineurin in nerve terminals. They are dynamin I, synaptojanin, amphiphysins I/II, epsin, eps15, AP180 and PIP kinase Iγ 5, 6 . Each member of this structurally unrelated group of proteins is implicated in SVE at different stages 5, 6 .
The dephosphins are constitutively phosphorylated in resting nerve terminals, and their rephosphorylation after termination of SVE is essential for subsequent rounds of endocytosis. The protein kinases that mediate the essential rephosphorylation step are still undetermined. Protein kinase C (PKC) may be a dephosphin kinase, as PKC antagonists such as Ro31-8220 inhibit repetitive rounds, but not the initial round, of SVE 3 . PKC antagonists also inhibit the rephosphorylation of at least two dephosphins in nerve terminals, dynamin I and synaptojanin 3 , but not amphiphysin or AP180, implicating the phosphorylation status of the former proteins as essential for SVE. PKC phosphorylates dynamin I in vitro on Ser 795 and prevents the interaction of dynamin I with membrane phospholipids in vitro 7 . Thus, PKC may be the dephosphin kinase whose activity is essential for maintenance of SVE.
Dynamin I is a GTPase whose activity is essential for synaptic vesicle fission 8 . It has a carboxy-terminal proline-rich domain (PRD) containing numerous binding motifs for src-3-homology (SH3) domains. The interaction of the dynamin I PRD with SH3-domain-containing proteins such as amphiphysin I/II and endophilin is essential for SVE 9, 10 . The PRD is also the site of endogenous dynamin I phosphorylation 11, 12 and phosphorylation by other protein kinases in vitro, including PKC (Ser 795) 7 , casein kinase II (ref. 12) , cdc2 (ref. 13) , Erk/MAPK 14 and minibrain kinase 15 . The endogenous dynamin I kinase in nerve terminals remains to be identified.
Cdk5 is a candidate, as the PRD contains multiple Ser-Pro or ThrPro motifs that are targets for cyclin-dependent kinases 16 . In the adult brain, Cdk5 and its activator protein p35 are enriched in nerve terminals, with p35 localized to vesicular fractions 17 suggesting a role for Cdk5 in synaptic vesicle recycling. A growing list of in vitro Cdk5 substrates are nerve terminal proteins with essential roles in synaptic vesicle recycling, including synapsin I (ref. 18 ), munc-18 (ref. 19 ) and amphiphysin I (ref. 20) . In this study, we wanted to determine whether Cdk5 is the dynamin I kinase in adult nerve terminals and if Cdk5-dependent phosphorylation is required for maintenance of SVE. We present evidence that Cdk5 phosphorylates dynamin I in vitro on the same phosphorylation sites as the endogenous dynamin I kinase, ruling out PKC as the endogenous kinase. Furthermore, inhibition of Cdk5 blocked both rephosphorylation of dynamin I and repetitive rounds of SVE in nerve terminals. Our results demonstrate that Cdk5 activity is essential for SVE and represents the first identified dephosphin kinase.
RESULTS

Cdk5 phosphorylates dynamin I in vitro
To determine whether dynamin I is a Cdk5 substrate in vitro, we phosphorylated purified dynamin I with recombinant Cdk5 and its activator p25. Both Cdk5 and recombinant PKC-α phosphorylated dynamin I to a similar extent (Fig. 1a) at its C-terminal tail (Fig. 1b) . Endogenous dynamin I is also phosphorylated at its C-terminal tail, predominantly on serine residues 12 . The same pattern of phosphorylation was observed for both Cdk5-and PKC-α-mediated phosphorylation of dynamin I in vitro (Fig. 1c) . Cdk5 also phosphorylated a glutathione S-transferase (GST) fusion protein containing the entire dynamin I PRD (GST-PRD; Fig. 1d ), which contains multiple copies of motifs required by the kinase 16 (Fig. 1e) . PKC-α did not phosphorylate GST-PRD, suggesting that PKC-α can only phosphorylate full-length dynamin I. This hypothesis is consistent with previous data, where synthetic peptides encompassing the PKC phosphorylation site were not phosphorylated 7 . Thus, dynamin I is a Cdk5 substrate in vitro.
Phosphorylation by Cdk5 reduced its ability to associate with phospholipids (Fig. 2a) . This supports the hypothesis that phosphodynamin is predominantly cytosolic in nerve terminals and suggests that dynamin dephosphorylation may contribute to its recruitment to sites of SVE at the plasma membrane. Phosphorylation by Cdk5 also increased the GTPase activity of dynamin (Fig. 2b) , whereas phosphorylation by PKC did not. Phosphorylation by PKC is known to stimulate GTPase activity 12 , and the reason for the discrepancy with the current results relates to methodological differences (see Supplementary Information, Fig. S1 ).
The PRD of dynamin I is essential for SVE, as disruption of its interactions with the SH3 domains of amphiphysin I and endophilin inhibits the process 9,10,21 . Next, we examined whether in vitro phosphorylation of the dynamin I PRD by Cdk5 could regulate its interaction with the SH3 domain of amphiphysin I. Phosphorylation of dynamin I by Cdk5 in vitro did not affect binding of the amphiphysin I or Grb2 SH3 domains (data not shown). However, phosphorylation of dynamin I was blocked when it was pre-incubated with the amphiphysin I SH3 domain before addition of Cdk5 (Fig. 2c) . Cdk5-mediated phosphorylation of dynamin I was not affected by a similar incubation with the SH3 domain of Grb2 (Fig. 2d) , despite Grb2 having an overlapping binding site with amphiphysin I (ref. 22 ; Fig. 1e ). Phosphorylation of dynamin I by PKC-α was not affected by the amphiphysin I SH3 domain (Fig. 2c) . Thus, Cdk5-mediated phosphorylation of dynamin I is regulated by its interaction with amphiphysin I, suggesting that phosphorylation of dynamin I might only occur after release of amphiphysin I, possibly at the termination of SVE.
We used matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF MS) to reveal the in vitro phosphorylation sites on dynamin I for Cdk5. Most of the signals detected in isolated tryptic phosphopeptides corresponded to sequences from dynamin I containing at least two acidic residues (Fig. 3a) . Two signals of average relative molecular mass 1,138.53 and 1,293.77 corresponded to the masses of the two mono-phosphopeptides, SPTSSPTPQR (Dyn I 774-783) and RSPTSSPTPQR (Dyn I 773-783). Dephosphorylation of these peptides with alkaline phosphatase produced a selective loss of 80 and resulted in two new signals at 1,057.49 and 1,213.34, corresponding to the unphosphorylated peptides (Fig. 3b) . No peptide containing Ser 795 was detected, indicating that Cdk5 phosphorylates site(s) distinct from PKC 7 . To determine at which sites dynamin I was phosphorylated in vivo, the phosphorylation sites on endogenous dynamin I were identified. The peptide mass maps from endogenous dynamin I closely resembled the pattern observed with in vitro phosphorylation using Cdk5 (Fig. 3c, d ). This suggests that dynamin I is not phosphorylated by PKC in nerve terminals and is consistent with Cdk5 being the endogenous dynamin I kinase.
Dynamin I is phosphorylated by Cdk5 in nerve terminals
As dynamin I was mono-phosphorylated on the peptide SPTSSPTPQR by both Cdk5 in vitro and by its endogenous kinase in vivo, we determined which residue was the primary phosphate acceptor site. Ser 774 and Ser 778 both reside in an appropriate context predicted for Cdk5 substrates, being followed by a Pro residue 16 . Ser 777 was not followed by a Pro residue and was not considered further. Phospho-specific antibodies were raised against phospho-Ser 774 and phospho-Ser 778 to determine which was the primary phosphorylation site. Both antibodies recognized dynamin I phosphorylated in vitro by Cdk5, but not by PKC-α (Fig. 3e) . Conversely, antibodies to phospho-Ser 795 recognized dynamin I after in vitro phosphorylation by PKC-α, but not Cdk5 (Fig. 3e) . Thus, Cdk5 can phosphorylate dynamin I on either Ser 774 or Ser 778 in vitro. Phosphorylation of Thr 780 cannot be excluded, but was not investigated further (Fig. 1c) .
To determine whether Cdk5 phosphorylated dynamin I in intact nerve terminals, we used a well-characterized Cdk5 antagonist, roscovitine 23 . First, we tested the specificity of roscovitine for Cdk5 relative to PKC, as PKC is proposed to be the dynamin I kinase in nerve terminals. Roscovitine inhibited in vitro dynamin I phosphorylation by Cdk5, but not by PKC-α, in a concentration-dependent manner (see Supplementary Information, Fig. S2a ). To confirm roscovitine effectively discriminates Cdk5 from PKC activities, we used a second assay based on a synthetic peptide substrate. PKC-α activity was again unaffected by roscovitine over a broad concentration range (see Supplementary Information, Fig. S2b ). The relatively selective PKC inhibitor Ro31-8220 inhibits dynamin I phosphorylation in intact nerve terminals 3 , originally suggesting that PKC may be the endogenous dynamin I kinase. Ro31-8220 also inhibits other protein kinases 24 and we found it inhibited phosphorylation of dynamin I by PKC-α in vitro, but was even more potent for Cdk5 (see Supplementary Information,  Fig. S2a) . Thus, the inhibition of dynamin I phosphorylation in nerve terminals by Ro31-8220 (ref.
3) may have been a result of its inhibition of Cdk5, rather than PKC. Dynamin I is constitutively phosphorylated in nerve terminals and dephosphorylated by calcineurin when SVE is stimulated by depolarization-dependent calcium influx (S1) 5 . After removal of the stimulus, dynamin I is rephosphorylated. Rephosphorylation is essential for the next round of SVE (S2) to proceed (Fig. 4a) . Roscovitine inhibited the rephosphorylation of dynamin I during repolarization (Fig. 4b, c) , suggesting that Cdk5 is the endogenous dynamin I kinase in nerve terminals. These experiments also indicate that dynamin phosphorylation does not alter its interaction with the SH3 domain of its major partner, amphiphysin. Immunoblotting of nerve terminal lysates with phospho-specific antibodies confirmed that the endogenous phosphorylation sites on dynamin I were the same as those phosphorylated in vitro by Cdk5 (Ser 774 and Ser 778; Fig. 4d ). The dephosphorylation at S1 detected by both antibodies was abolished by blocking calcineurin activity with cyclosporin A (data not shown). Cyclosporin A also inhibits SVE 2, 3, 5 , confirming that Ser 774 and Ser 778 are the physiologically relevant phosphorylation sites on dynamin I.
Phosphorylation of endogenous dynamin I on Ser 795 (the site for in vitro PKC phosphorylation) was not detectable with phospho-specific antibodies (Fig. 4d) . This was not the result of an artefact in the immunoblotting protocol, as the same antibodies strongly detected dynamin I phosphorylated by PKC-α in vitro on the same blot (data not shown). Dynamin I is also an in vitro substrate for mitogen-activated protein kinase (MAPK), which targets [Ser/Thr]-Pro motifs such as Ser 774 and Ser 778 (ref. 14). However pre-incubation of nerve terminals with the MEK inhibitor PD98059 (100 µM) had no effect on dynamin I rephosphorylation (see Supplementary Information, Fig. S3a ). This strongly argues that Cdk5 is the endogenous kinase for dynamin I.
Next, we used a dominant-negative Cdk5 mutant to confirm the results with roscovitine. Green fluorescent protein (GFP)-tagged Cdk5 WT or Cdk5 DN was transfected into B104 neuroblastoma cells that had been allowed to differentiate for 10 days in the presence of cAMP. This allowed the cells to extend long processes containing multiple puncta that contact other neurites or cell bodies and which stain brightly for synapsin I or dynamin I (ref. 25) . In cells transfected with GFP-Cdk5 WT , immunostaining for phospho-dynamin Ser 774 was unaltered ( Fig. 5a -c) or increased (data not shown). However, in cells transfected with GFP-Cdk5 DN , phospho-dynamin staining was greatly reduced in puncta ( Fig. 5d-f ) and in neurite processes ( Fig. 5g-i ), but not in untransfected cells in the same dishes or in the cell body (data not shown). In cells where recombinant GFP-Cdk5 DN had not yet migrated all the way into the distal tips of the neurites, phosphorylation staining was reduced in the proximal neurite, but not the distal portion of the same neurite (data not shown). The same results were obtained after co-transfection of primary cultures of cerebellar granule neurons (CGNs) with GFP and Cdk5 WT or GFP and Cdk5 DN (data not shown). This supports the pharmacological evidence that Cdk5 is the major dynamin kinase in neurons.
There are at least two dephosphin kinases, with the protein kinase for dynamin and synaptojanin being distinct from that for amphiphysin or AP180 (ref. 3) . Amphiphysin is known to be an in vitro substrate for Cdk5 (refs 20, 26) , although the endogenous kinase in nerve terminals is unknown. We explored the apparent discrepancy between these observations. Using a double pull-down approach to simultaneously isolate phospho-AP180, synaptojanin, amphiphysin I and dynamin I from labelled synaptosomes, we found that roscovitine blocked synaptojanin rephosphorylation, but did not block rephosphorylation of amphiphysin or AP180 in the same synaptosomes (Fig. 4e, lanes 13 and  14) . Therefore, amphiphysin and AP180 are not in vivo substrates for Cdk5, despite the in vitro phosphorylation of amphiphysin. Phosphorylation of synapsin I was relatively unaffected by roscovitine treatment (see Supplementary Information, Fig. S4 ). This confirms that there is at least one other dephosphin kinase apart from Cdk5 that phosphorylates AP180 and amphiphysin, and that Cdk5 is relatively specific for dynamin and synaptojanin. 
Cdk5 activity is essential for SVE
Calcineurin-mediated dephosphorylation of the dephosphins activates SVE in nerve terminals, and their subsequent rephosphorylation is required for maintaining repetitive rounds of the process 3 . To determine whether Cdk5 functions in SVE, we monitored exocytosis and endocytosis in nerve terminals incubated with roscovitine. Roscovitine had little effect on either the first (S1) or second (S2) round of exocytosis (calcium-dependent glutamate release) stimulated with 30 mM potassium chloride (Fig. 6a, b) . Roscovitine also had no significant effect on the initial round of SVE measured using a FM2-10 uptake assay 27 (Fig. 6d ). This event represents S1 SVE, as uptake of the fluorescent dye FM2-10 occurs during S1 and accumulated dye is unloaded at S2 (Fig. 6c) . The role of Cdk5 rephosphorylation in the second round of SVE was then examined. Roscovitine significantly inhibited S2 endocytosis (Fig. 6e ), indicating that Cdk5 activity was required for the maintenance of SVE. 'Retrieval efficiency' is a quantitative measure of SVE that normalizes the amount of endocytosis for a given stimulus 27 . Retrieval efficiency is significantly decreased in roscovitine-treated nerve terminals at S2 (34.2 ± 0.1% inhibition (n = 7, P < 0.001), but not at S1 (Fig. 6f ). This effect is most probably the result of inactivation of Cdk5 by roscovitine, as the antagonist did not block dynamin I GTPase activity in vitro (data not shown). Inhibition of the MAPK pathway with 100 µM PD98059 had no effect on SVE at either S1 or S2, essentially ruling out a role for this pathway (see Supplementary  Information, Fig. S3b ).
To confirm a specific block of SVE by roscovitine, we used morphological analysis of nerve terminals, as previously performed for dynamin I mutations in Drosophila 28 . Subjecting untreated synaptosomes to two cycles of stimulus and recovery revealed no morphological changes (see Supplementary Information, Fig. S5 and Fig. 7a ). Roscovitine treatment did not change the morphology of resting synaptosomes after one cycle of stimulus (S1; Fig. 7b ) or recovery (data not shown). However, it had a marked effect on nerve terminal morphology at S2 (Fig. 7c) . At S2, drug-treated synaptosomes were greatly depleted of synaptic vesicles, indicative of exocytosis in the absence of SVE 28 . Most terminals were devoid of synaptic vesicles and many exhibited significant plasma membrane ruffling and invaginations ( Fig. 7c, arrows ; also see Supplementary Information, Fig. S6 ), consistent with a block in SVE. These morphological observations, in conjunction with the functional assays of synaptic vesicle recycling, directly demonstrate that Cdk5 activity is necessary for SVE.
Finally, we explored the effect of overexpressing Cdk5 DN on SVE in nerve terminals of CGNs using the red-shifted styryl dye FM4-64. CGN nerve terminals co-transfected with GFP and Cdk5 WT demonstrated a stimulated loading and unloading of FM4-64 comparable with untransfected neurons (Fig. 8a-f ). However neurons co-transfected with GFP This experiment was identical to that in a and b, except that four dephosphins (AP180, synaptojanin (SJ), amphiphysin 1 (a doublet) and dynamin 1 (data not shown)) and synapsin 1 (see Supplementary Information, Fig. S4 ) were extracted at the same time by pull-downs with a mix of GST-α-adaptin appendage domain and GST-endophilin 1-SH3 domains attached to GSH-sepharose (n = 5; each experiment performed in duplicate).
and Cdk5 DN (Fig. 8g-l ) demonstrated a greatly reduced loading of FM4-64 when compared with neighbouring untransfected neurons (Fig. 8i) . Quantitative analysis of the stimulated loading and unloading of FM4-64 showed that the total synaptic vesicle recycling pool was reduced by approximately 50% in CGNs transfected with Cdk5 DN (Fig.  8m , n; 48.8 ± 4.5% of control). To establish whether the reduction in the total synaptic vesicle recycling pool was the result of a decrease in the number of synaptic vesicles undergoing endocytosis or exocytosis, we examined the kinetics of FM4-64 unloading after stimulation with potassium chloride. The kinetics of FM4-64 unloading was not significantly different between untransfected CGNs and those transfected with Cdk5 DN (data not shown). Thus, the reduction in the total synaptic vesicle recycling pool was mediated by an inhibition of SVE and not exocytosis, confirming that Cdk5 is required for SVE in primary neurons, in addition to synaptosomes.
DISCUSSION
In this study, we demonstrated two new interrelated functions for Cdk5 in neuronal function. First, Cdk5 is identified as the protein kinase that rephosphorylates dynamin I after termination of SVE in nerve terminals. This is the first demonstration of an in vivo dephosphin kinase. Second, we have shown that Cdk5-dependent rephosphorylation of dynamin I (and possibly synaptojanin) is essential for SVE. Phosphorylation of AP180 and amphiphysin was shown not to be mediated by Cdk5 in vivo, revealing the existence of at least one additional dephosphin kinase. Thus, the protein kinase activity previously demonstrated to be essential for multiple rounds of SVE 3 has now been identified as Cdk5.
The demonstration that Cdk5 is the endogenous dynamin I kinase resolves many of the apparent inconsistencies surrounding PKC as the candidate dynamin I kinase. Dynamin I is phosphorylated by calciumdependent PKCs (cPKCs) in vitro with rapid kinetics 7, 29 and relatively selective PKC inhibitors block its rephosphorylation in nerve terminals 3, 30 . However other known PKC substrates are phosphorylated during nerve terminal stimulation, which is the reverse of the situation with dynamin I. Also, rephosphorylation of dynamin I occurs after, not during, increases in nerve terminal intracellular calcium levels, suggesting that cPKCs are not involved 31 . Finally, the subcellular location of cPKCs during SVE is the opposite of that expected if it were the dynamin I kinase 5, 7, 29 . In this study, we effectively rule out PKC, as its in vitro phosphorylation site is not phosphorylated in vivo. In contrast, Cdk5 fulfils all of the criteria expected for a dynamin I kinase. First, it is a tonically active protein kinase enriched in nerve terminals and its active form is localized to membrane fractions 17 . Second, it phosphorylates dynamin I in vitro on sites identical to the endogenous sites on dynamin I. Finally, selective antagonists of Cdk5 inhibit dynamin I rephosphorylation in nerve terminals, whereas a dominant-negative Cdk5 mutant blocks phosphorylation of dynamin in nerve terminals.
The role of Cdk5 and its activator p35 is well established in neuronal development, with defined roles in neuronal migration, differentiation and synaptogenesis 32 . Cdk5 knockout mice exhibit perinatal lethality and lack both cortical laminar structure and cerebellar foliation 33 . P35 knockout mice survive past birth, but also show abnormal layering of the cortex and are prone to seizures and early mortality 34 . However, our results reveal that Cdk5 is a significant factor in SVE in the mature synapse. Other evidence supports a role for Cdk5 at the mature pre-synaptic terminal. Cdk5 is expressed predominantly in post-mitotic neurons, but not in glial cells or mitotically active cells 35 . It is also enriched in mature nerve terminals 17 17, 37, 38 . Roscovitine also has Cdk5-independent effects on voltage-dependent P/Q-type calcium channels 39 . By slowing calcium channel inactivation kinetics, roscovitine increased calcium influx (and thus neurotransmitter release) from both synaptosomes and primary neuronal cultures 17, 39 . We did not observe this facilitation of glutamate release, possibly because our method of stimulation relies preferentially on non-inactivating calcium channels 40 . Thus, using our stimulation protocol we can examine the effect of roscovitine on SVE without the complication of additional effects on synaptic vesicle exocytosis. Using Cdk5 DN as an alternative approach to roscovitine treatment, we also found that SVE was blocked in CGNs. Thus, our results rule out an artefact in the use of roscovitine to study SVE. We observed a selective inhibition of the second round of SVE in synaptosomes by roscovitine treatment, indicating that Cdk5 is controlling endocytosis by rephosphorylation of a specific subset of dephosphins after nerve terminal stimulation. The first round of SVE removes endogenous phosphate from dynamin, before rephosphorylation. The situation differs in cultured neurons transfected with Cdk5 DN , where the background phosphorylation of dynamin is reduced before examination of SVE. Protein phosphorylation is currently thought to control SVE through two major mechanisms 5 : dephosphorylation-dependent association of dephosphins with membrane lipids 7 and/or themselves [41] [42] [43] . Our results support the former mechanism, as phosphorylation by Cdk5 prevented association of dynamin with lipids in vitro, correlating with a cytosolic location for phospho-dynamin in synaptosomes. The regulation of dynamin I phosphorylation by amphiphysin I is of particular interest. One of the endocytic protein complexes that might assemble on the nerve terminal membrane after dephosphorylation includes dynamin I, amphiphysin I/II and endophilin 43 . This complex might also include Cdk5, through an interaction of amphiphysin I with p35 (ref. 20) . Our results suggest an interesting mechanism whereby Cdk5 indirectly controls dynamin I phosphorylation during SVE. In this model, the endocytic machinery recruits Cdk5 through its interaction with amphiphysin I while limiting its available substrate, as the dynamin I-amphiphysin I interaction prevents dynamin I from being phosphorylated. After SVE is complete and the complex dissociates, dynamin I can be rephosphorylated by Cdk5 for the next round of SVE. Moreover, the phosphorylation status of amphiphysin I, but not dynamin I, controls the interaction between these two proteins in vitro, as amphiphysin I that is phosphorylated by an unidentified brain protein kinase cannot bind dynamin I (ref. 43 ), but Cdk5 phosphorylation of dynamin I has no effect 2, 43 . Amphiphysin I is an in vitro substrate for Cdk5, but we show it is not an endogenous substrate in nerve terminals. It is possible that phosphorylation by a second dephosphin kinase (f) Retrieval efficiency (endocytosis divided by exocytosis at 120 s) at S1 was unaffected by roscovitine treatment, whereas at S2 it was inhibited by 34.2% (n = 7); ***P < 0.001.
keeps it separated from dynamin I until SVE is initiated.
In conclusion, we propose that Cdk5 is essential for SVE in the mature neuron. Our results establish Cdk5 as the in vivo protein kinase for dynamin I and synaptojanin in nerve terminals, representing the first demonstration of an endogenous dephosphin kinase. In addition, we establish that there is at least one other endogenous dephosphin kinase that targets amphiphysin and/or AP180. We propose that the rephosphorylation of dynamin I by Cdk5 is essential for repeated cycles of SVE and that this designates a new biological role for Cdk5 in the regulation of synaptic transmission.
METHODS
Chemicals, constructs and antibodies. Plasmids: GST-dynamin I-PRD, amphiphysin I-and II-SH3 were from P. De Camilli (Yale, New Haven, CT), GST-Cdk5 was from J. Wang (Hong Kong University, Hong Kong), GST-p25 was from L.-H. Tsai (Harvard Medical School, Boston, MA), the SH3 domains of Grb2 and p85 were as previously described 44 , GST-α-adaptin appendage domain was from R. Anderson (Dallas, TX), GST-endophilin 1-SH3 was from P. McPherson (McGill, Canada) and transfection plasmids for GFP-Cdk5 (Cdk5 WT or Cdk5 DN (Cdk5 K33T )) or untagged Cdk5 (WT or DN) were from P. Zelenka (NIH, Bethesda, MD) 45 or S. van den Heuvel (Harvard Medical School) 46 . Affinity purified rat His-tagged PKC-α was expressed in baculovirusinfected Sf9 cells (recombinant virus provided by T. Biden, Garvan Institute, Australia). Antibodies to phospho-Ser 795 were from Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-specific antibodies to phospho-Ser 774 and phospho-Ser 778 were raised in sheep against synthetic phosphopeptides PAGRRSPTSC and CTSSPTPQR, respectively (where the underlined Ser represents phospho-Ser). The peptides were conjugated to diphtheria toxoid by the cysteine residue that was added during synthesis. The antibodies were specific for phospho-Ser residues on dynamin I as neither detected other Cdk5 substrates, such as synapsin I (ref. Protein purification. Dynamin I was purified from sheep brain 7, 47 for in vitro studies and from rat brain synaptosomes for in vivo studies. Bacterial plasmid constructs were expressed in Escherichia coli according to the manufacturers' instructions. GST-Cdk5 and GST-p25 expressed in bacteria and cell pellets from the two constructs were mixed, co-lysed and co-affinity purified using GSH-Sepharose. Next, GSH-Sepharose with bound GST-Cdk5 and GST-p25 was incubated with rat brain cytosol for 2 h at 4°C before extensive washing, elution with 10 mM reduced GSH in 50 mM Tris-HCl at pH 8.0, dialysis to remove GSH and storage at −20°C.
In vitro phosphorylation. Dynamin I was phosphorylated with recombinant PKC-α or Cdk5 for 10 min 7 . Samples were analysed by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography. Phospho-dynamin I was analysed by peptide mapping using V8 protease and phospho-amino acid analysis by thin layer electrophoresis 12 . PKC assays 7 were performed in the absence or presence of roscovitine. Dynamin I was phosphorylated stoichiometrically with PKC-α or Cdk5 (ref. 7) for 60 min before MALDI-TOF MS analysis.
32 P labelling of synaptosomes and pull-down experiments. P2 synaptosomes were prepared from rat brain, labelled with 32 P (refs 3, 12) , pre-incubated for 15 min at 37°C in the absence or presence of 100 µM roscovitine and depolarized with 41 mM potassium chloride (S1). Synaptosomes were repolarized in the presence or absence of roscovitine for 5 min before a second stimulation with potassium chloride (S2). Synaptosomes at each point (control, S1, repolarization and S2) were lysed in 25 mM Tris-HCl at pH 7.4 containing 1% Triton X-100, 150 mM sodium chloride, 1 mM EGTA, 2 mM EDTA, 50 mM sodium fluoride, 20 µg ml −1 leupeptin, 1 mM phenyl methylsulphonyl fluoride (PMSF) and EDTA-free protease inhibitor cocktail (Calbiochem-Novabiochem, Kilsyth, Victoria, Australia) and centrifuged at 20,442 g for 15 min at 4°C. Dynamin I was affinity purified from the supernatant using the GST-amphiphysin I-SH3 domain (Fig. 3 or Fig. 4a-c) bound to GSH-sepharose for 1 h at 4°C 3 . The washed beads were heated in sample buffer and released proteins were separated by SDS-PAGE. In a double pull-down experiment, four dephosphins and synapsin I were simultaneously affinity purified in the same fashion using a mixture of two GST fusion proteins. Recombinant GST-α-adaptin appendage domain 48 and GST-endophilin 1-SH3 domain 49 were coupled to GSH-Sepharose and beads containing equal amounts of recombinant protein were mixed. The mixture used to simultaneously pull-down AP180, synaptojanin, amphiphysin I, dynamin I and synapsin I from the 32 P-labelled synaptosomes (Fig. 4e) . The identity of each protein was confirmed both by MALDI-TOF mass spectrometry and by immunoblotting.
Phosphopeptide analysis by MALDI-TOF MS.
Phospho-dynamin I from 32 Plabelled synaptosomes and dynamin I phosphorylated by Cdk5 and PKC in vitro were excised from gels and submitted to in-gel tryptic digestion. The peptide mixtures were purified using Fe 3+ -IMAC agarose columns and the affinitybound phosphopeptides were not eluted from the agarose media before MS analysis 50 . Bound peptides were analysed by MALDI-TOF MS before and after alkaline phosphatase treatment 7 .
Western blotting. P2 synaptosomes prepared from rat brain 12 were lysed in SDS sample buffer, heated to 100°C for 2 min, centrifuged at 20,442 g for 5 min at 4°C and the resulting supernatant separated by SDS-PAGE on 12% acrylamide gels. Western blots were analysed by ECL using the Pierce super-signal kit.
Endocytosis and exocytosis assays. The exocytosis (glutamate release) and endocytosis assays were performed using Percoll-purified synaptosomes, as described previously 3 . The protocol for the SVE assay is shown in Fig. 6c . Briefly, FM2-10 was accumulated into synaptic vesicles during SVE by stimulation with 30 mM potassium chloride in the presence of roscovitine (S1) or were stimulated, repolarized and stimulated again in the presence of roscovitine (S2). The amount of FM2-10 accumulated by SVE was estimated by unloading the dye with a subsequent potassium chloride stimulus (S2 or S3). Roscovitine did not affect the ability of this standard pulse of potassium chloride to evoke release of FM2-10-labelled vesicles, as calcium-dependent glutamate release was unaffected for S1, S2 and S3 (data not shown). Retrieval efficiency 27 was calculated as endocytosis divided by exocytosis, where endocytosis is total accumulated FM2-10 and exocytosis is calcium-dependent glutamate release after 2 min of stimulation.
Electron microscopy. Percoll-purified synaptosomes were prepared as previously described 3 . Synaptosomes at four different states (control, S1, repolarized and S2), with and without roscovitine treatment, were fixed in 5% glutaraldehyde in phosphate-buffered saline and processed for electron microscopy by conventional methods. 
Dynamin phosphorylation by Cdk5 stimulates GTPase activity
The assay to measure the effect of phosphorylation on dynamin's GTPase activity initially involved a two step procedure: preincubation (to allow for dynamin phosphorylation) then a GTPase assay to measure its activity. First dynamin was phosphorylated by cdk5 or PKC in the presence of excess ATP or it was mock-phosphorylated in the presence of ATP alone, but no protein kinase. The concentration of dynamin phosphorylated was ten times the concentration to be used in the GTPase assay. Second, phosphorylated dynamin was immediately used for the GTPase assays after dilution ten-fold. This two-step procedure resulted in major artefacts in the results due to effects of the preincubation (phosphorylation) conditions themselves on dynamin GTPase activity, rather than as consequences resulting from phosphorylation. The effect of these artefacts were explored in great detail and only the major effects are discussed herein. The origin of these artefacts can be illustrated by a examples of conditions known to regulate dynamin GTPase activity. These include dynamin's capability to self-assemble into rings and helices that exhibit stimulated GTPase activity [1] [2] [3] . The selfassembly of dynamin is a cooperative process dependent upon the concentration of dynamin used [4] [5] [6] [7] [8] [9] . The ionic strength of the buffers used in the GTPase assay can affect GTPase activity, since high NaCl inhibits dynamin's GTPase activity by preventing self-assembly 2 .
The amount of calcium in the assay also affects GTPase activity. Calcium is required for PKC activation but inhibits dynamin [10] [11] [12] . Phospholipids such as PS and PtdIns(4,5)P 2 are required to stimulate PKC but also stimulate dynamin 4, [13] [14] [15] . Lastly, nucleotides such as ATP and GTP can regulate dynamin binding to lipids, microtubules and self-assembly 10, 11, 16 and stimulate dynamin. Yet in order to phosphorylate dynamin prior to measuring its GTPase activity it was necessary to simultaneously subject it to all of these conditions. Ultimately the technical problem was solved by introducing a third step to the procedure: a salt disruption step.
Using the initial two-step procedure, both cdk5 and PKCα increased dynamin's GTPase activity. Dynamin was first phosphorylated by cdk5 or PKC in vitro by incubating it with recombinant PKCα or recombinant cdk5/p25 for 1 hour at 30 o C in the presence of 1 mM ATP, 200 µM Ca 2+ and 10 µg PS. These conditions were previously known to result in stoichiometric phosphorylation of dynamin by PKC 10 . After phosphorylation reactions the GTPase activity of dynamin was measured. Following phosphorylation by PKC, dynamin's GTPase activity increased two-fold (fig S1a). This is consistent with previous reports of phosphorylation by PKC 17 . Following cdk5 phosphorylation, dynamin's GTPase activity was stimulated 3-fold (fig S1a).
Dynamin I can self-assemble into rings when dialysed from a solution containing high salt (0.25 to 1 M) to one containing low salt (< 20 mM) 1 . Dynamin was incubated for 1 hour at 30 o C for the duration of the phosphorylation reaction under low salt conditions prior to being subjected to the GTPase assay. Thus there was a possibility that this preincubation period had allowed for the assembly of monomeric dynamin into higher order structures which then resulted in an artefactual stimulation of GTPase activity. The first set of control experiments involved incubating purified dynamin I, diluted with 20 mM Tris (phosphorylation buffer) to concentrations similar to those used in the preincubation, for 1 hour at 30 o C. The GTPase activity of the preincubated dynamin was then measured in the presence and absence of 10 µg PS (fig S1b). Purified dynamin I which was not subjected to the preincubation showed low GTPase activity. In the presence of PS, the GTPase activity was stimulated six-fold to maximal activity. Dynamin I which had been preincubated for 1 hour showed a three-fold increase in GTPase activity. Significantly, the addition of PS did not elicit any further increase in GTPase activity (fig S1b). Therefore preincubating dynamin for 1 hour resulted in the artefactual stimulation of basal GTPase activity which was no longer responsive to further stimulation by PS.
Next we aimed to determine if any one of the individual components of the phosphorylation reaction used in the preincubation had an effect on dynamin GTPase activity. Purified dynamin I was preincubated with ATP alone, PS alone or a combination of ATP and PS for 1 hour at 30 o C before being subjected to a GTPase assay. As above, preincubation of dynamin alone resulted in a partial stimulation of its GTPase activity compared to dynamin which had not been preincubated (fig S1c). Furthermore, preincubated dynamin was no longer sensitive to further stimulation by PS ( fig S1c, bars 3-4) . Dynamin preincubated with ATP showed a similar result (bars 5-6). However, dynamin preincubated with PS revealed a complete inhibition of basal and PS-stimulated activity (bar 7-8). This major inhibitory effect of preincubation with PS was not seen when dynamin was incubated with PS and ATP together (bars 9-10), implying that the presence of ATP overcomes the effect of PS on dynamin. However, the addition of more PS during the GTPase assay still did not activate GTPase activity to maximal levels (bar 10).
These experiments indicate that the results shown in fig S1a are not interpretable. One possibility was that monomeric dynamin may have assembled into artefactual higher order/intermediate structures during the preincubation period. To test this, preincubated dynamin was subjected to SDS-PAGE using a 10% non-denaturing gel. Following preincubation a number of higher molecular weight bands (400 kDa) were formed which correspond to oligomers of dynamin (not shown). No oligomers were detected when β-mercaptoethanol was added, suggesting the formation of disulphide bonds (not shown).
Since spontaneously assembled dynamin rings can be dissociated in the presence of a modest level of salt (> 100 mM) 1 , the assembly of dynamin into higher order structures during the preincubation period might be prevented or reversed by the presence of salt (NaCl). Prior to use in the preincubation reaction, it was necessary to determine if NaCl had any effect on dynamin I phosphorylation. However, we found that 150 mM NaCl completely inhibited both cdk5 and PKC phosphorylation of dynamin (not shown). Therefore NaCl could not be introduced during the preincubation (phosphorylation) reaction itself. Instead NaCl could be introduced after the preincubation and prior to the GTPase assay. Hence the assay was modified to comprise of three steps: preincubation (no salt present; 60 minutes at 30 o C) to allow for dynamin phosphorylation; a salt disruption step (150 mM NaCl present; 10 minutes at 4 o C) to dissociate any higher order structures of dynamin formed during the preincubation, and the GTPase assay (16 mM NaCl present; 10 minutes at 37 o C). The experiment was designed such that dynamin was phosphorylated at a ten-fold higher concentration. Therefore when it was used in the final step (GTPase assay), the amount of NaCl was diluted to 15 mM to ensure the final concentration of NaCl in the GTPase assay remained within the range tolerated by the GTPase assay ([NaCl] > 30 mM inhibits dynamin's GTPase activity) 11 . The three-step procedure was employed to address the effect of preincubation (phosphorylation) on subsequent dynamin GTPase activity. Purified dynamin I was preincubated with ATP alone, PS alone or ATP and PS for 1 hour at 30 o C. Following preincubation, the tubes were incubated on ice for 5 minutes before salt was added to 150 mM. The tubes were stored on ice for 10 minutes before being subjected to the GTPase assay ( fig S1d) . Following the addition of NaCl, preincubated dynamin no longer showed a significant basal stimulation in GTPase activity. Furthermore, the addition of PS in the GTPase assay stimulated GTPase activity to maximal levels. Similar results were also observed for dynamin preincubated with ATP alone, PS alone or ATP and PS. All preincubation conditions tested now displayed sensitivity to PS stimulation. These results show that the addition of NaCl after the preincubation step and prior to the GTPase assay, was successful in restoring dynamin GTPase activity back to maximal levels.
The experiment now comprised of the preincubation (phosphorylation of dynamin), the salt disruption step and then the 
